ABSTRACT: This study examined the relationship of residual feed intake (RFI) and performance with methane emissions, rumen fermentation, and digestion in beef heifers. Individual DMI and growth performance were measured for 22 Simmental heifers (mean initial BW 449 kg, SD = 46.2 kg) offered grass silage ad libitum for 120 d. Ultrasonically scanned muscle and fat depth, BCS, muscularity score, skeletal measurements, blood variables, rumen fermentation (via stomach tube), and total tract digestibility (indigestible marker) were measured. Methane production was estimated using the sulfur hexafluoride tracer gas technique over two 5-d periods beginning on d 20 and 75 of the RFI measurement period. Phenotypic RFI was calculated as actual DMI minus expected DMI. The residuals of the regression of DMI on ADG and midtest metabolic body weight, using all heifers, were used to compute individual RFI coefficients. Heifers were ranked by RFI and assigned to low (efficient), medium, or high (inefficient) groupings. Overall ADG and DMI were 0.58 kg (SD = 0.18) and 7.40 kg (SD = 0.72), respectively. High-RFI heifers consumed 9 and 15% more (P < 0.05) than mediumand low-RFI groups, respectively. Body weight, growth, skeletal, and composition traits did not differ (P > 0.05) between low-and high-RFI groups. High-RFI heifers had higher concentrations of plasma glucose (6%) and urea (13%) and lower concentrations of plasma creatinine (9%) than low-RFI heifers (P < 0.05). Rumen pH and apparent in vivo digestibility did not differ (P > 0.05) between RFI groups, although acetate:propionate ratio was lowest (P = 0.07) for low-RFI (3.5) and highest for high-RFI (4.6) heifers. Methane production expressed as grams per day or grams per kilogram metabolic body weight was greater (P < 0.05) for high (297 g/d and 2.9 g/kg BW0.75) compared with low (260 g/d and 2.5 g/kg BW0.75) RFI heifers, with medium (275 g/d and 2.7 g/ kg BW0.75) RFI heifers being intermediate. Regression analysis indicated that a 1 kg DM/d increase in RFI was associated with a 23 g/d increase (P = 0.09) in methane emissions. Results suggest that improved RFI will reduce methane emissions without affecting productivity of growing beef cattle.
INTRODUCTION
The contribution of ruminal methanogenesis to agriculturally derived greenhouse gas emissions (O'Mara, 2011) has resulted in extensive efforts to develop technologies and strategies to reduce ruminant methane production (Eckard et al., 2010; Martin et al., 2010; Crosson et al., 2011) . Although reducing methane emissions without lowering cattle production is possible (Grainger Methane emissions, body composition, and rumen fermentation traits of beef heifers differing in residual feed intake 1
and Beauchemin, 2011), many approaches have inconsistent outcomes, can compromise animal performance, and are unsustainable. An alternative strategy for reducing enteric methane emissions is to improve the efficiency of feed utilization by individual animals (Cottle et al., 2011; Waghorn and Hegarty, 2011; Basarab et al., 2013) . This is particularly attractive as genetic improvement of livestock produces permanent and cumulative changes in performance (Wall et al., 2010) . Residual feed intake (RFI), defined as the difference between actual feed intake and expected feed intake based on maintenance and growth requirements, is a measure of feed efficiency that is independent of level of production and body size (Crews, 2005) . Selection of animals with improved RFI has the potential to appreciably reduce feed costs in beef production and also enteric methane emissions. However, there are few published evaluations of methane emissions from cattle with divergent RFI (Waghorn and Hegarty, 2011; Basarab et al., 2013) , and within those studies, mainly based on high-energy diets, there are inconsistencies in relation to differences in intake and corresponding methane emissions between divergent RFI groups (Nkrumah et al., 2006; Hegarty et al., 2007; Jones et al., 2011) . Furthermore, it is unclear if emissions from low (efficient) RFI cattle differ over and above differences in intake (Waghorn and Hegarty, 2011) . The objective of this study was to examine the relationship of RFI and performance with methane emissions, rumen fermentation, and digestion in beef heifers offered grass silage.
MATERIALS AND METHODS
All procedures involving animals in this study were conducted under an experimental license from the Irish Department of Health and Children in accordance with the Cruelty to Animals Act 1876 and the European Communities (Amendment of Cruelty to Animals Act 1876) Regulation 2002 and 2005 (http://www.dohc.ie/ other_health_issues/pausp).
Animals and Management
A total of 22 nonpregnant beef heifers were used. They were the progeny of Simmental cows bred to Simmental sires as described by Lawrence et al. (2011) . Before commencing the indoor experimental feeding period, heifers were rotationally grazed under a moderate stocking rate on perennial ryegrass (Lolium perenne L.) pasture (Drennan and McGee, 2009) . At the end of the grazing season (November 8, 2010) they were housed in a slatted-floor building and individually tethered to facilitate recording of individual feed intake. Mean age at the beginning of the RFI measurement period was 595 d (SD = 29). Heifers were treated for the control of internal parasites (Qualimec, Janssen Animal Health, High Wycombe, UK) before housing and for external parasites (Butox Pour-on, Intervet Productions, S.A., Igoville, France) during housing.
Feed Intake and Chemical Analyses
Heifers were individually offered grass silage to appetite once daily (1100 h), and each received 60 g of a mineral and vitamin supplement (Ca, 46 g/kg; Na, 200 g/kg; Mg, 165 g/kg; Cu, 90mg/kg; I, 300 mg/kg; Mn, 6,670 mg/kg; Zn, 5,200 mg/kg; vitamin A, 600,000 IU/ kg; vitamin D 3 , 100,000 IU/kg; and vitamin E, 5,000 IU/kg) top-dressed on the silage. Offered and refused feed was recorded daily for each individual animal, and refused feed was discarded twice weekly. Ad libitum access was based on approximately 1.1 times the intake of the previous day. The grass silage offered was harvested from a primary-growth sward, which consisted mainly of perennial ryegrass, on June 2, 2010. All animals had continuous access to clean, fresh drinking water. Heifers were given 14 d to acclimatize to their environment and diet before individual intake recording commenced. The RFI measurement period was 120 d.
Silage offered was sampled 3 times weekly, and these samples were stored at −20°C pending laboratory analysis. Samples of silage were subsequently pooled on a weekly basis for DM determination and on a 3-wk basis for chemical analysis. The DM of the grass silage was determined after drying at 85°C for 16 h in an oven with forced-air circulation. Forage DM content was corrected for volatile losses as described by Porter and Murray (2001) . Composited silage samples for chemical analysis were oven-dried at 40°C for 48 h and then ground through a 1-mm screen (Willey mill, Arthur H. Thomas, Philadelphia, PA) for analysis of in vitro dry matter digestibility (DMD; Tilley and Terry, 1963) , for NDF using amylase (Van Soest et al., 1991) , ash content by combustion at 550°C for 5 h, and water-soluble carbohydrates (anthrone method; Thomas, 1977) . Silage extracts were analyzed for NH 3 (measured using the Olympus AU 400, Olympus, Tokyo, Japan, and the Thermo Electron Infinity Ammonia Liquid Stable Reagent kinetic method, Thermo Electron, Waltham, MA) and lactic acid (using the Olympus AU 400, Olympus; and the l-Lactic Acid UV-method test kit, Boehringer Mannheim/R-Biopharm, Darmstadt, Germany, catalog number 10139084035) with the enzyme d-lactate dehydrogenase (catalog number 10106941001, Boehringer Mannheim/R-Biopharm). The concentrations of VFA (acetic, propionic, and butyric) were measured in the silage extracts using an automated gas chromatograph (Shimadzu Gas Chromatography GC-8A, Shimadzu Corporation, Kyoto, Japan; Brotz and Schaefer, 1987 ).
Gross energy for silage offered during the 2 methane measurement periods was determined by bomb calorimetry (6300 Isoperibol Calorimeter, Parr Instruments, Moline, IL). The chemical composition and nutritive value of the silage are outlined in Table 1 .
Body Weight, Body Measurements, and Blood Metabolites
Heifers were weighed (at the same time each day before feeding), and BCS (Lowman et al., 1976 ) was recorded on 2 consecutive days at the beginning and end of and every 21 d during the RFI measurement period.
Heifers were ultrasonically scanned at the beginning and end of the RFI measurement period. A dynamic real-time scanner (Aloka-Concept MLV, with a 3.5-MHz linear array transducer, Hitachi Aloka Medical Ltd., Tokyo, Japan) was used to measure LM depth at the third lumbar vertebra and fat depth at the third lumbar vertebra, the 13th thoracic rib, and the rump (P8 site) on the heifer's right side as described by Conroy et al. (2010) . At the time of ultrasound scanning, linear body measurements, height at the withers, chest circumference, chest depth, and width of pelvis (Campion et al., 2009) were determined on each heifer using calipers or a measuring tape, as appropriate, to provide a quantitative measurement of skeletal size. At the beginning and end of the RFI measurement period visual muscular scores were assigned to each heifer by the same 2 trained assessors. The 3 scoring locations were roundness of hindquarter, width of hindquarter, and width and depth of loin, on a scale of 1 (hollow, poor muscle development) to 15 (wide, heavily muscled) as described by Conroy et al. (2010) . The scores from both assessors were averaged to give each heifer 1 score per location.
Blood samples were obtained by jugular venipuncture from each heifer before feeding on d 1, 65, and 120 during the RFI measurement period. On each occasion blood was collected into 9-and 4-mL evacuated tubes containing lithium heparin and sodium fluoride-ED-TA K 3 , respectively, as anticoagulants (Greiner Vacuette, Cruinn Diagnostics, Dublin, Ireland). Concentrations of albumin, urea, globulin, total protein, creatinine, β-hydroxybutyrate (BHB), glucose, NEFA, and triglycerides were determined according to Lawrence et al. (2011) .
Methane Measurement
Methane production (g/d) was measured for 2 periods of 5 consecutive days, beginning on d 20 and 75 of the RFI measurement period using the sulfur hexafluoride (SF 6 ) tracer gas technique (Johnson et al., 1994) . Briefly, trace gas permeation tubes were filled with approximately 2.5 g of SF 6 in October 2010. To confirm that SF 6 emission rate from the permeation tubes was linear, the tubes were maintained in an incubator at 39°C and weighed 8 times to produce an 8-point regression curve. Tubes were randomly allocated to each heifer. Tubes were dosed orally 6 d before commencement of sample collection.
Exhaled and eructated gases along with ambient air were drawn into an evacuated collection canister via a halter-mounted tube looped above the heifer's mouth and nostrils. The collection canister was located above the heifer to prevent the risk of damage to the equipment. The rate of sample collection was restricted to 0.5 mL/min via passage through a 50-mm length of stainless steel capillary tubing with an internal diameter of 12.7 µm (Valco Instruments Co. Inc., Houston, TX) crimped at several points and calibrated using a digital flow meter (Cole-Parmer Instrument Co., Vernon Hills, IL). Each precalibrated restriction tube was fixed into a proprietary aluminum brace to minimize change in flow rate during the collection period. A 120-h continuous sampling period was achieved using 5 canisters per heifer. Each canister had a volume of 2.1 L. Gas sampling canisters were evacuated approximately 5 d before the gas collection period and were analyzed approximately 5 d after sample collection as the experiment was conducted at a site remote from the gas analysis laboratory. Gases were sampled for 5 consecutive 24-h periods using an initial 3 OM digestibility, measured in vitro. 4 Estimated on the basis of in vitro digestible OM in total DM (Agriculture and Food Research Council, 1993) . 5 Mean GE of offered silage during methane measurement periods 1 and 2.
canister vacuum 900 mbar below atmospheric pressure. The mean final canister pressure was 599 mbar below atmospheric pressure. To correct for background atmospheric concentrations of methane within the housing facility, gas samples were collected from the ambient air using 3 collection canisters per day, hung at various locations within the shed. At the end of the collection period, sample concentrations of SF 6 and methane were determined via gas chromatography as described by Johnson et al. (2007) using a Varian 3800 gas chromatograph (Varian Inc., Palo Alto, CA).
Rumen Fermentation and Total Tract Digestibility
Ruminal fluid samples were obtained from each heifer on d 63 of the RFI measurement period. Samples of approximately 20 mL were collected using a transesophageal sampler (Flora Rumen Scoop, Profs-Products, Guelph, ON, Canada) between 2 and 4 h postfeeding. Ruminal fluid pH was measured immediately after collection using a digital pH meter (Orion SA 720; Thermo Fisher Scientific, Waltham, MA). The 20-mL sample of ruminal fluid was preserved with 0.5 mL of 9 M sulfuric acid and stored at −20°C for subsequent analysis of NH 3 , VFA (acetic, propionic, butyric, and valeric), and lactic acid using the methods described above for silage extract.
Total tract digestibility of nutrients was determined once for each heifer during the experimental period using the indigestible AIA marker technique, as described by Van Keulen and Young (1977) . Fecal grab samples (2 × 200 g) were obtained from each heifer via rectal palpation once daily at 0800 h over 5 consecutive days beginning on d 90 of the experimental period. Fecal samples were stored at −20°C, and at the end of the sampling period, samples were thawed and pooled by heifer on an equal-weight basis. On these occasions, the mineral and vitamin supplement was not offered 24 h before fecal sampling, and feed offered was sampled daily.
Computation of Traits
Average daily live weight gain during the RFI measurement period for each heifer was computed as the coefficient of the linear regression of BW (kilograms) on time (d) using the GLM procedure of SAS 9.1 (SAS Inst. Inc., Cary, NC). Average daily gain computed from linear regression corresponded directly to ADG calculated by subtracting the mean initial weight from the final weight and dividing by the number of days on trial. Initial and final weights were calculated as the mean of 2 consecutive weights taken at the beginning and end of the RFI measurement period. Midtest metabolic BW (MBW) was represented as BW 0.75 60 d before the end of the test, which was estimated from the intercept and slope of the regression line after fitting a linear regression through all BW 0.75 observations. Feed conversion efficiency (FCE) of each animal was calculated as the ratio of ADG to daily DMI. Residual feed intake was calculated for each heifer as the difference between actual DMI and expected DMI. Expected DMI was computed for each heifer using a multiple regression model, regressing DMI on MBW and ADG. The base model used was
where Y j is the average of the jth heifer, β 0 is the regression intercept, β 1 is the partial regression coefficient for MBW, β 2 is the regression coefficient for ADG, and e j is the random error associated with the jth heifer. The model R 2 coefficient produced from this equation accounted for 60% (P < 0.001) of the variation in grass silage DMI and was used to predict DMI for each heifer. Heifers were grouped according to low RFI (efficient), medium RFI, and high RFI (inefficient) by ranking them on RFI and then dividing them into terciles, resulting in 7, 8, and 7 heifers in the respective RFI groups.
Statistical Analysis
The least squares procedure of SAS was used to examine the effect of RFI groupings on intake, performance traits, body composition, rumen fermentation, total tract digestibility, and methane production. Individual animals were excluded from the analysis where gas sampling error resulted in collection of fewer than 3 samples within the 5-d sampling period. This resulted in 20 heifers being used for statistical analysis of methane variables in period 1 (2 heifers from the medium RFI group were excluded) and all heifers being used for statistical analysis in period 2. All 22 heifers were used for statistical analysis of the other performance and blood variables. The statistical model used included the fixed effect of RFI group (high, medium, and low). A random sire effect was included in the final model for all traits. Day of birth (denoted as day of year) for each heifer was included in the model as a linear covariate. Model effects were considered statistically significant when the type I error rate was less than 5%. Variables having multiple observations, such as methane emissions and blood metabolites, were analyzed using repeated measures ANOVA (MIXED procedure of SAS), with terms for RFI group, period, and their interaction included in the model and heifer within RFI group set as the error term. If the interaction term was not statistically significant (P > 0.05), it was subsequently excluded from the final model. Differences in RFI group were determined by F tests using type III sums of squares. The PDIFF option and the Tukey test were applied as appropriate to evaluate pairwise comparisons between the RFI group means. The degrees of freedom method used was Kenward-Roger, and the covariance structure was unstructured. Data were considered statistically significant when P < 0.05 and were considered a tendency to differ when P < 0.10. Pearson partial correlation coefficients among traits were determined using the CORR procedure of SAS with the partial correlation option to adjust for the fixed effect of period. Regression analysis was conducted to examine the relationship between RFI and methane using the GLM procedure of SAS with period included as a class effect.
RESULTS

Animal Performance and Feed Efficiency
The differences between high-, medium-, and low-RFI heifers in DMI, feed efficiency, and performance are shown in Table 2 . Heifers had a mean (±SD) initial BW of 449 ± 46.2 kg, an ADG of 0.58 ± 0.18 kg and DMI of 7.40 ± 0.72 kg during the RFI measurement period. Residual feed intake averaged 0.00 and ranged from −0.66 to 1.32 kg of DM/d, representing a difference of 1.98 kg DMI/d between the most and least efficient heifers. Heifers ranked as high RFI consumed 9% and 15% more than medium-and low-RFI heifers, respectively (P < 0.05). Mean FCE was 0.08 ± 0.025 kg ADG/kg DMI and was similar for all RFI groups (P > 0.05). Heifers of high, medium, and low RFI did not differ (P > 0.05) in initial BW, final BW, or ADG.
Residual feed intake and FCE were not correlated (r = −0.27; P = 0.22). Initial and final BW and ADG were not correlated (P > 0.10) with RFI. Dry matter intake was positively correlated with RFI (r = 0.63; P < 0.01), initial BW (r = 0.63; P < 0.01), final BW (r = 0.75; P < 0.01), and MBW (r = 0.71; P < 0.01). Feed conversion efficiency had a strong positive correlation with ADG (r = 0.94; P < 0.001) but no correlation with DMI or MBW.
Body Composition, Skeletal Measurements, and Blood Metabolites
There were no differences (P > 0.05) between highand low-RFI heifers in BCS, ultrasonic fat, and muscle depth, muscularity scores, and skeletal measurements or their changes (Table 3) . Ultrasonic fat and muscle depth, BCS, and skeletal measurements were not correlated (P > 0.05) with RFI.
Day of sampling affected (P < 0.001) concentrations of all blood metabolites measured except for globulin (Table 4) . Interactions for RFI × sampling day were not detected (P > 0.05) for blood metabolites except for NEFA (P < 0.01). Concentrations of NEFA increased over time (P < 0.05) for high and medium RFI, whereas concentrations initially increased to d 65 (P < 0.001) and then decreased to d 120 (P < 0.05) for low-RFI heif- ers. Concentrations of glucose and urea were higher in medium-and high-RFI heifers compared to low-RFI heifers. High-RFI heifers had a 9% lower (P < 0.05) concentration of creatinine than low-RFI heifers. Pearson partial correlation analysis indicated that RFI was not correlated with any blood variables measured in this study except for creatinine, which tended to have a moderate negative correlation with RFI (r = −0.41; P < 0.10).
Methane Production
During the methane measurement period, high-RFI heifers consumed (8.23 kg DM) more silage than low-RFI heifers (6.77 kg DM; P < 0.05). Methane production (g/d or g/kg BW 0.75 ) and yield (g/kg DMI) for all variables was higher (P < 0.001) in period 1 compared to period 2. However, no interactions (P > 0.05) between RFI and period were detected for any of the methanerelated variables measured (Table 5 ). The CV for methane emissions for both periods (g/d) was 25.8%. Pearson correlation analysis indicated that methane emissions (g/ kg DMI) tended to have a positive correlation between periods 1 and 2 (r = 0.40; P < 0.10); however, when expressed as grams per kilogram BW 0.75 (r = 0.14) and as grams per day (r = 0.27), methane emissions were not correlated (P > 0.05) across the 2 periods. The correlation between RFI and methane yield (g/kg DMI) for both periods was negative (period 1, r = −0.26; P = 0.26; period 2, r = −0.39; P = 0.07). Feed conversion efficiency was not correlated with methane production as grams per day (r = −0.13; P = 0.59), grams per kilogram BW 0.75 (r = −0.04; P = 0.86), and yield as grams per kilogram DMI (r = −0.06; P = 0.80).
Methane production (g/d and g/kg BW 0.75 ) were highest in high-RFI heifers, intermediate in medium-RFI heifers, and lowest in low-RFI heifers (P < 0.05). Methane yield (g/kg DMI) did not differ (P > 0.05) between RFI groups. Residual feed intake was found to have no effect on methane production when expressed as grams per kilogram ADG (P = 0.62). When feed efficiency was expressed as FCE, no effect was observed for methane yield (g/kg DMI) or methane production (g/d and g/kg BW 0.75 ) except grams per kilogram ADG (P < 0.001).
Pearson partial correlation coefficients showed that DMI had a positive correlation with methane production (g/d; r = 0.43; P < 0.01). Residual feed intake tended 2 No RFI × period interaction (P > 0.1).
(P < 0.10) to have a positive correlation with methane production when expressed as either grams per day or grams per kilogram BW 0.75 (r = 0.26 and r = 0.30, respectively) and a negative correlation (r = −0.27; P = 0.08) with methane yield (g/kg DMI). Methane production expressed as grams per kilogram ADG was not correlated with RFI (P = 0.99). Regression analysis indicated that a 1 kg DM/d increase in RFI was associated with a 23 g/d increase (P = 0.09) in methane production.
Rumen Fermentation and Total Tract Digestibility
Residual feed intake had no effect (P > 0.05) on rumen fermentation variables measured. However, a tendency (P = 0.07) was observed for high-RFI heifers to have a higher acetate:propionate ratio than low-RFI heifers, with medium-RFI heifers being intermediate (Table 6 ). Residual feed intake and DMI were not correlated (P > 0.05) with any of the rumen fermentation variables measured. In vivo total tract digestibility of the grass silage did not differ (P > 0.05) between high-, medium-, and low-RFI groups (Table 6 ).
DISCUSSION
In terms of sustainability of food production and a resource-challenged environment, mitigation strategies for methane production need to evaluate methane emissions relative to feed intake or animal production (Cottle et al., 2011 ). An alternative strategy to reduce methane emissions may be to selectively breed livestock that can use feed more efficiently or produce less methane per unit body weight (Cottle et al., 2011; Basarab et al., 2013) . Residual feed intake is a measure of feed efficiency advocated as a possible means to reduce daily methane emissions in cattle without compromising performance (Waghorn and Hegarty, 2011) . However, to date, literature pertaining to RFI and methane is unclear.
Animal Performance and Body Composition
The ADG of the heifers (mean 0.58 kg) in this study was relatively low, but this is a typical winter target growth rate for cattle in seasonal, temperate, grass-based beef production systems (Lawrence et al., 2012) . In these systems animals destined to graze pasture later have a restricted growth rate (~0.45 to 0.75 kg/d) during the more expensive indoor winter period and subsequently experience compensatory growth while consuming lower-cost, high-nutritive-value herbage during a second or third grazing season (e.g., Drennan, 1994, 2009 ). The restricted growth rate is achieved by offering a diet of moderate nutritive value typically based, whether solely or predominantly, on grass silage (McGee, 2005) . In addition to weight and ADG, skeletal scores and measurements have been used in previous studies as a proxy for body size (Basarab et al., 2003; Nkrumah et al., 2004; Kelly et al., 2011) . Consistent with our results, none of the aforementioned studies found that RFI had an effect on skeletal scores or measurements in beef cattle.
The linear regression model used to compute RFI in the current study accounted for 60% of the variation in DMI. This value is lower than that (66%) reported by Lawrence et al. (2012) , where beef heifers were offered grass silage supplemented with concentrates (70%:30% DM basis), and lower than that (77%) recorded by Kelly et al. (2010) using heifers offered a corn silage and concentrate diet (70%:30% DM basis) but is greater than that (43%) reported by Lancaster et al. (2009) , with growing heifers offered a diet of alfalfa and concentrates (879 g/kg DM). Compared to more energy-dense diets, a lower coefficient of determination obtained with less energy-dense high-forage or forage-only diets is not surprising considering the intake-related characteristics of forage, such as lower digestibility, a higher rumen fill value, and a slower rate of passage through the rumen (Forbes, 2005) .
In the current study, there were no differences observed in animal performance between the RFI groups, despite a 15% difference in DMI between the low-and high-RFI heifers. This finding is in agreement with other studies examining the relationship between RFI and animal productivity traits where RFI was found, phenotypically (Kelly et al., 2011) and genetically (Crowley et al., 2010) , to have no effect on weight or growth of beef cattle.
Concerns have been raised over the positive relationship between RFI and levels of body fat in beef animals (Arthur et 2004). In the current study, however, no differences were found between the RFI groups in measures of fat depth. Previous studies reporting the effect of RFI on LM development are conflicting in that muscle depth was shown to be both greater (Lawrence et al., 2011) and smaller (Kelly et al., 2011) in low-RFI animals. Crowley et al. (2011) reported that genetic selection for improved feed efficiency should lead to increased muscularity in cattle. In this study, there was no significant difference between low-and high-RFI animals in muscle depth or visual muscular score, although in accord with Lawrence et al. (2011) , creatinine concentrations were higher in low-RFI animals, suggesting a greater muscle mass. The similarity in ultrasonic measures of body composition and visual muscular scores between RFI groups in the current study may be due to the relatively low-energy diet offered, which potentially limited expression of genetic potential for growth and fattening (Gill and Oldham, 1993) .
As the divergent RFI groups showed no differences in body composition traits, maintenance energy requirements (ME/kg BW 0.75 ) can be estimated for weight equilibrium for each RFI group, with the assumption that animals maintaining a constant weight can be considered to be at maintenance. Daily BW gain (g/kg BW 0.75 ) was regressed against ME intake (MJ/kg BW 0.75 ), and maintenance energy requirements were assumed to be ME intake when weight change was zero, as described by Dawson and Steen (1998) ; however, energy retention as opposed to weight change was used in that study. As mean ADG in the current study was relatively low, many data points were reasonably close to the x axis, and extrapolation beyond the data set was relatively limited. The estimated maintenance requirements for the low-, medium-, and high-RFI groups were (MJ/kg BW 0.75 ) 0.082, 0.091, and 0.104, respectively, implying low-RFI heifers had a 21% lower (P < 0.001) maintenance energy requirement than high-RFI heifers.
Feed conversion efficiency did not differ between RFI groups and was not correlated (r = −0.27; P < 0.05) with RFI in the present study, which is consistent with the findings of Lawrence et al. (2012) , where FCR and RFI were not correlated.
Methane Production
Methane production by ruminants is positively correlated with DMI (Blaxter and Clapperton, 1965; Johnson and Johnson, 1995) . However, in most methane-related production studies to date, corresponding animal performance also differed. In contrast, when using RFI, efficient cattle consume less than their inefficient counterparts for the same production performance (i.e., weight and growth). Consequently, low-RFI cattle (which consume less feed) would be expected to have reduced methane production (g/d) at least proportionate to their lower intake, but peer-reviewed published evidence is lacking. The RFI and methane-production-related studies published to date are limited to steers offered high-concentrate diets with CH 4 measured using indirect calorimetry (Nkrumah et al., 2006) and SF 6 (Hegarty et al., 2007) and beef cows grazing pasture with CH 4 estimated using an open-path Fourier infrared spectrophotometer (Jones et al., 2011) . Findings across these studies are inconsistent in that during the measurement periods, Hegarty et al. (2007) found that both DMI and methane production (g/d) were lower for low-RFI compared to high-RFI animals; In the study of Nkrumah et al. (2006) DMI was the same (animals were offered a restricted allowance) for both RFI groups, but methane production (g/d) was lower for low-RFI compared to high-RFI animals, and Jones et al. (2011) reported that DMI did not differ between the RFI groups at any stage and that daily methane emissions were similar between RFI groups when grazing lowquality pastures but were lower for low-RFI compared to high-RFI animals when grazing high-quality pastures.
Results from the present study with heifers offered grass silage are in direct agreement with the findings of Hegarty et al. (2007) for steers offered a high-concentrate diet, where both DMI and methane production (g/d) were lower for low-RFI compared to high-RFI cattle. The tendency for a positive correlation (r = 0.26) between RFI and methane production (g/d) in the current study is consistent with the results recorded by Nkrumah et al. (2006) (r = 0.44; P < 0.05). Likewise, regression analysis in the current study indicated that a 1-kg DM increase in RFI was associated with a 23 g/d increase (P = 0.09) in methane production, which is consistent with the findings of Hegarty et al. (2007) , who found that a 1-kg DM increase in RFI corresponded to a 13 g/d increase in methane production.
In accordance with the results of Hegarty et al. (2007) there was no effect of RFI group on methane yield (g/kg DMI). Hegarty et al. (2007) reported a 40% lower daily DMI and an analogous 25% lower methane production (g/d) between high-and low-RFI steers. The 14% difference in methane yield (g/kg DMI) detected between high-and low-RFI heifers in our study corresponds almost directly with the difference in daily DMI (15%) obtained between the high-and low-RFI heifers. Similarly, Waghorn and Hegarty (2011) reported no relationship between methane yield (g/kg DMI) and RFI. Overall, this strongly indicates that RFI per se does not significantly affect methane production over and above the level of DMI and that the reduction in methane production (g/d) associated with low-RFI cattle is merely a function of their reduced intake.
However, in contrast, Nkrumah et al. (2006) reported that methane production (g/kg BW 0.75 ) was 28% and 24% less in low-RFI compared to high-and medium-RFI ani-mals, respectively, despite the fact that DMI did not differ significantly (restricted to a fixed allowance) between the RFI groups during the methane measurement period. This indicates that an inherent selection against methane production, independent of intake effects, is associated with RFI. In the present study, there was a tendency for a negative correlation (r = −0.27) between RFI and methane yield (g/kg DMI). Further research, using more animals and more prolonged measurements of methane, is required to elucidate the basis of this discrepancy.
The current study found that heifers of low RFI had a reduced methane production when expressed relative to body weight, which is consistent with the findings of Nkrumah et al. (2006) , who reported a positive correlation (r = 0.44) between these 2 traits. Also, Jones et al. (2011) found that low-RFI cows produced less CH 4 (g·kg −1 BW·d −1 ) than high-RFI cows but only when consuming high-quality pasture.
In contrast to the current study, where there was no effect (P > 0.10) of RFI expressed relative to ADG on methane emissions, Hegarty et al. (2007) found that low-RFI steers, on a high-concentrate diet, tended to produce less methane than high-RFI steers. The explanation for this apparent discrepancy may be due to the relatively slow growth rates of the heifers used here.
The use of FCE as a feed efficiency trait in this study indicates that it may not be a suitable methane mitigation strategy in cattle. Although improved FCE did reduce methane production on a gram per kilogram ADG basis, this implies that faster-growing animals will have to be selected to reduce enteric methane production, which has undesirable consequences for the maintenance costs of mature animals (Arthur et al., 2001a) .
The SF 6 tracer technique (Johnson and Johnson, 1995) used in this study is a widely employed method of estimating methane production from ruminants (McGinn et al., 2006; Hegarty et al., 2007; Lassey et al., 2011) . It has been established that this technique tends to underestimate methane emissions when compared to respiration chambers, mainly because of its inability to capture methane formed postruminally or from fluctuations in SF 6 permeation rate from the permeation tube (McGinn et al., 2006; Lassey et al., 2011) . However, the difference between the SF 6 technique and respiration chambers is often limited to only 5% to 8% (Johnson et al., 1994; McGinn et al., 2006; Grainger et al., 2007) . Because of the relatively high agreement between the SF 6 and respiration chamber techniques on an individual animal basis, the SF 6 tracer technique is a sufficiently sensitive method for evaluating the effects of mitigation strategies on methane emissions (Grainger et al., 2007; Deighton et al., 2013) .
Methane yield (expressed as g/kg DMI) found in the current study is higher than values reported in the literature. However, high-forage diets generally produce greater methane emissions (g/kg DMI) than diets with high levels of concentrate (Janssen, 2010) . Using the SF 6 technique, McGeough et al. (2010b) found that within the same study, methane emissions from beef cattle increased from 15.3 g/kg DMI for ad libitum concentrates to between 25.9 and 30.1 g/kg DMI for wholecrop wheat silage diets plus 0.24 to 0.25 g/kg DM concentrates to 35.6 g/kg DMI for grass silage plus 0.28 g/ kg concentrates. The latter value is comparable to that recorded in the current study. Similarly, in another study, McGeough et al. (2010a) found that methane emissions increased from 22.1 g/kg DMI for the ad libitum concentrate diet to between 26.2 and 29.4 g/kg DMI for diets based on maize silage with different maturities at harvest (supplemented with concentrates at 0.23 to 0.25 g/ kg DM of the diet). For cattle consuming all-forage diets, Ominski et al. (2006) reported methane emissions determined using SF 6 for different time periods and diets ranging from 23.0 to 37.1 g/kg DMI.
The higher daily methane production (g/d) in period 1 than in period 2 can be partially attributed to a 13% higher DMI by the heifers in period 1 relative to period 2 (P < 0.05). The SF 6 tracer technique has been noted for higher variability in intra-and interanimal emission rates when compared to measurements taken using respiration chambers (Lassey et al., 2011) . Grainger et al. (2007) reported that the within-cow (day-to-day) CV for the SF 6 technique (6.1%) compared favorably with that (4.3%) found for the respiration chamber technique. Some of this intra-and intervariation may arise from the SF 6 permeation tubes. However, to reduce these sources of variation, the SF 6 tubes in this study were assembled and allowed sufficient time to calibrate before commencement of the trial, and additionally, a minimum of 3 d of methane measurement were required before mean methane emission rate was calculated.
Although the overall magnitude of the level of methane emissions (whether expressed as g/d, g/kg BW 0.75 , or g/kg DMI) observed in this study changed over time, the trend of methane emissions within RFI groups holds, albeit without a significant effect detected in period 1. The moderate positive correlation between methane emissions (g/kg DMI) showed that methane yield (g/kg DMI) was repeatable across periods 1 and 2. Individual DMI between periods 1 and 2 was positively correlated (r = 0.80; P < 0.001) and supports the repeatability of methane yield (g/kg DMI). However, the correlation between methane production (g/d and g/kgBW 0.75 ) in periods 1 and 2, although moderate and positive, was not statistically significant. This finding most likely arises from the observed decline in methane production (g/d and g/kg BW 0.75 ) from period 1 to period 2.
Similarly, for the current study, the mean value for methane loss as a proportion of gross energy intake (GEI) was 0.126 (SD = 0.0133), which is at the upper end of the range (2 to 12% of GEI) reported in the literature review by Johnson and Johnson (1995) , but this is also comparable with values (11.3%) in more recent studies for cattle consuming all-forage diets (Ominski et al., 2006) . However, although it is acknowledged that the values obtained are high, for the purposes of this study, the relative values between RFI treatments are of primary interest.
Rumen Fermentation and Total Tract Digestibility
Volatile fatty acids are the major end products of ruminal fermentation and are largely determined by diet type (Janssen, 2010) , which, in turn, dictates microbial populations (Theodorou and France, 2005) . Methane is formed in the rumen as a mechanism to remove H 2 and allow the continued production of H + during fermentation (McAllister and Newbold, 2008) . Volatile fatty acid concentrations and proportions are proxies for methane production (Cottle et al., 2011) in that the production of both acetate and butyrate is associated with H 2 production, whereas propionate production is involved in H 2 utilization (Ramin and Huhtanen, 2013 ). In the current study, there was a tendency observed for low-RFI heifers to have a higher concentration of propionic acid (P = 0.10) and a lower acetate:propionate ratio (P = 0.07) in the rumen than high-RFI heifers. This trend is consistent with the results reported by Lawrence et al. (2011) , who found that low-RFI pregnant beef heifers had a higher concentration of propionic acid and a lower acetate:propionate ratio than high-RFI heifers consuming a grass silage diet. Consequently, the proportionately higher levels of propionate formation in the rumen of low-RFI heifers in the current study may be contributing to reduced levels of methane production (g/d). Potential limitations of the rumen sampling technique used in this study are digesta sample representation and the possibility of saliva contamination (Duffield et al., 2004) . However, the rumen pH and fermentation characteristics recorded in the current study are very similar to those found by Owens et al. (2008) using steers with rumen cannulas consuming grass silage of similar fermentation characteristics to the grass silage used here.
Variation in rumen microbial populations is associated with differences in methane production between individual animals (Moss et al., 2000) , and it has been suggested that different RFI groups harbor differing microbial populations (Guan et al., 2008) . Although rumen microbial populations were not determined in the current study, other research from our laboratory has shown that although the abundance of either total or specific methanogenic species did not differ between animals divergent in RFI, at the genotype level, various genotypes of Methanobrevibacter smithii were more abundant in cattle of high compared to low feed efficiency across diets (Carberry et al., 2012 ). These results demonstrate that a core group of methanogens exists across feed efficiency phenotypes, but significant differences exist in the distribution of genotypes within species and may contribute to the observed changes in methane emissions between efficient and inefficient animals. Herd and Arthur (2009) have suggested that low RFI is associated with greater diet digestibility. This was evident in some studies where either a high-concentrate (Nkrumah et al., 2006) or a high-forage diet (McDonald et al., 2010 ) was offered but not in the current study or others where high-forage (Lawrence et al., 2011 (Lawrence et al., , 2013 and high-concentrate diets (Cruz et al., 2010) were offered. Previous research has demonstrated that the level of feeding had no effect on total tract digestibility of high-forage diets (Doreau and Diawara, 2003; McGee et al., 2005) . This is in contrast to highconcentrate diets where increasing the level of feeding was found to depress diet digestibility (Pina et al., 2009) . The absence of an effect in the current study may be due to the inherent characteristics of the grass silage diet offered. Our data indicate that the lower methane emissions (g/d) from low-RFI cattle are not DM digestibility mediated.
In conclusion, the lack of an association detected between RFI and animal productivity-related variables such as weight and ADG in this study adds further evidence to the argument that RFI is independent of the level of production and mature body size of beef cattle. The significant reduction in feed intake and daily methane production in low-RFI animals suggests that RFI is potentially a suitable methane mitigation strategy. Further research is warranted to clearly establish the underlying biology and consequences of selection for improved feed efficiency (low RFI) in cattle on methane production over more prolonged measurement periods and across different diets and stages of lifetime production.
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